Introduction
Polar cap patches are defined as 100 to 1000 km scale structures in the F region polar cap that have an enhanced plasma density at least twice that of the background. Polar cap patches are believed to be generated in the vicinity of the dayside cusp and are transported toward the nightside across the polar cap along the streamlines of convection [Crowley, 1996] . Such structures are associated with scintillations of transionospheric signals [Basu et al., 1998; Prikryl et al., 2011; Moen et al., 2013] , making them of particular interest to the space weather community and, for example, Global Navigation Satellite Systems (GNSS) [Conker et al., 2003] . In the classical picture, high-density polar cap patches are islands of plasma cut off from the dayside tongue of ionization [Lockwood and Carlson, 1992; Lockwood et al., 2005; Carlson et al., 2004; Moen et al., 2006] and brought into the polar cap near noon by the solar wind-driven polar cap convection [e.g., Foster, 1984; Foster et al., 2005] .
Low-density patches may be produced locally in the cusp by particle impact ionization [Kelley et al., 1982; Weber et al., 1984; Walker et al., 1999; Moen et al., 2012] . Zhang et al. [2013] presented a case where they suggested that low-density patches interspaced a sequence of high-density patches. Unfortunately, there is little in situ data available to distinguish various regimes of F region plasma structures or their sources. For example, Smith et al. [2000] made in situ observations of cusp density structures that they attributed to precipitation; however, they had to infer the existence of precipitation by the presence of high-frequency (HF) radar backscatter, making a definitive conclusion difficult.
As patches are transported across the polar cap, multiple processes and instabilities will act on and evolve electron density gradients present in the plasma. For example, the gradient-drift instability (GDI) is believed to operate efficiently on the trailing edge of electron density structures but not on the leading edge, contributing to the conventional asymmetric and flat-topped shape of a polar cap patch [e.g., Tsunoda, 1988; Basu et al., 1994] .
This letter presents novel high-resolution multipoint observations from the Swarm spacecraft, in an ideal noon-midnight orbit, providing new insights about the creation, transport, and evolution of polar cap patches. Here a case of polar cap patch formation is presented where a reconnection-driven low-density GOODWIN ET AL.
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relative westward flow channel is eroding the dayside extreme ultra violet (EUV) plasma but where particle impact ionization in the cusp dominates the initial plasma structuring. These density structures are then transported across the polar cap along the streamlines of convection. Interestingly, smoother patch structures were observed deeper into the polar cap. These observations contrast the classical paradigm, where plasma structures would be expected to develop on the trailing edge of initially smooth plasma islands and then eat their way through [e.g., Gondarenko and Guzdar, 2004] .
Instrumentation
This study uses in situ observations of the F region ionosphere from instruments on the Swarm spacecraft [Friis-Christensen et al., 2008] , orbiting at 500 km altitude. The Swarm mission consists of three spacecraft-Swarm A, Swarm B, and Swarm C-that, during postlaunch commissioning, were traveling along a common trajectory in a string-of-pearls configuration across the polar cap from magnetic noon to magnetic midnight. This study focuses on observations from 06 to 10 universal time (UT) on 30 December 2013. Swarm B led the constellation, Swarm A followed 59 s later, and Swarm C another 108 s behind Swarm A. The lateral separation of the three spacecraft ranged from 4 to 25 km over the region of interest. A detailed description of the Swarm data products is provided by Floberghagen et al. (this issue) .
Electron density and temperature are measured at two samples per second by the Langmuir probe portion of the Electric Field Instrument (EFI) [Friis-Christensen et al., 2008] . Ion flow velocity is measured at two samples per second by the Thermal Ion Imagers, which are also part of the EFI. Due to an uncertainty in the ion velocity baseline at this early stage of the Swarm mission, an offset was subtracted (roughly 800 m/s) from the cross-track flow component to achieve an approximate zero ion velocity equatorward of the cusp boundary. Therefore, this study only considers the short-term relative changes in ion velocity. Additionally, due to the roughly North-South orbit of the spacecraft during this period, the cross-track ion velocity will be interpreted as the eastward ion velocity.
The presence of field-aligned currents (FACs) is inferred from the deflections in the cross-track (east-west geographic) component of the Vector Field Magnetometer. The field is measured at 50 samples per second and downsampled to one sample per second. The CHAOS-4 geomagnetic field model [Olsen et al., 2014] , the MF7 seventh-generation lithospheric magnetic field model [Maus et al., 2007] , and the POMME8 model of the quasi-static magnetospheric currents [Maus et al., 2010] have been subtracted from the measurements to estimate the residual magnetic field due to FACs. Swarm observations are supported by all-sky imager (ASI) and coherent scatter radar observations, along with measurements of the interplanetary magnetic field (IMF). Red-line (630.0 nm) all-sky airglow data from the ASI in Longyearbyen, Svalbard (geomagnetic: 75.24 • N, 111.21
• E) , were projected to 250 km altitude. The backscatter data used in this study were from the Super Dual Auroral Radar Network (SuperDARN) HF radar in Hankasalmi, Finland (geomagnetic: 59.1
• N, 104.5 • E) [Lester et al., 2004; Chisham et al., 2007] . Solar wind and IMF parameters were obtained from the OMNIweb database [King and Papitashvili, 2005] . Figure 1 shows the winter dayside cusp, as observed on 30 December 2013 during a quiet (K p = 0−1) period. The IMF B z was consistently southward on the order of −5 nT, and the IMF B y was consistently positive on the order of +2 nT, both for more than 1 h prior to the first pass. This suggests active dayside reconnection with westward flow in the dayside ionosphere [e.g., Ruohoniemi and Greenwald, 2005] .
Observations
Figures 1a and 1b show the trajectory of the third pass of the three spacecraft through the fields of view of the Longyearbyen ASI and the Hankasalmi SuperDARN HF radar, respectively. The Swarm spacecraft are in a near-polar orbit traveling through the region of interest in the Scandinavian sector and across the polar cap.
At the location of Swarm B (red dot) shown in Figure 1 , auroral emissions and signatures of poleward moving auroral forms recorded by the ASI are collocated with SuperDARN HF backscatter, which is characteristic of the cusp [Moen et al., 2001] . A relative westward ion flow, indicated by vectors along the Swarm trajectory in Figure 1a , are observed in a region of auroral emissions within the cusp. (Figure 1d ), an increase in the electron temperature (Figure 1e ), and an eastward (cross-track) magnetic perturbation suggesting an upward FAC (Figure 1f ). The shaded area identifies the active cusp electron precipitation region, inferred from an increase in electron temperature, structured electron density, structured FACs, and auroral emissions. The open-closed boundary (OCB) is taken to be the equatorward edge of this shaded area (consistent with the signatures in Carlson et al. [2004] ). The OCB lies within solar EUV-ionized plasma just equatorward of the density depletion. Poleward of the density depletion region, just after 09:42 UT, there are steep gradients in the east-west magnetic field perturbations superimposed on the general downward trend (Figure 1f ). This suggests that smaller-scale FACs are superimposed on a larger-scale upward FAC.
Figures 2a-2c show the electron density profiles measured by the three spacecraft during three successive passes, along with the relative eastward ion velocity measured by Swarm B in the cusp precipitation region. The density profiles are plotted as a function of along-track distance from 60
• Altitude-Adjusted Corrected Geomagnetic (AACGM) latitude [Baker and Wing, 1989] . This allows for an accurate comparison of the relative positions of the structures measured by the three spacecraft. In all of these passes, the Swarm spacecraft cross 75 Figure 2c ), respectively. The shaded areas mark the cusp precipitation region in each pass as inferred by the increased structuring in the electron temperature.
At the beginning of each pass in Figures 2a-2c , the three spacecraft encountered gradually decreasing electron density consistent with passing from dayside into nightside. In all three passes, all spacecraft observe a distinct depletion in electron density in the equatorward portion of the cusp. This depletion is approximately 150-200 km wide (along-track) and is encountered at a lower MLAT with each pass (∼74.2 MLAT for pass 1, ∼73.8 MLAT for pass 2, ∼73.2 MLAT for pass 3). The minimum density in the depletion region is nearly constant for the nine spacecraft passes over a total of 3 h. This minimum density is independent of the photoionized electron density equatorward of the cusp, but it does match the baseline density observed deep in the polar cap (described further in section 4). Poleward of the depletion region, while still in the cusp precipitation region (i.e., the shaded region in Figure 1 ), all spacecraft encountered an increased and highly structured electron density during all passes.
Analysis and Discussion
Figure 2 shows a well-defined and consistent density depletion region in the equatorward portion of the cusp over a period of 3 h. Two processes can create plasma depletion: local recombination or transport from a lower-density region. Valladares et al. [1996] and Pitout and Blelly [2003] describe how an enhanced recombination rate leads to a depletion of plasma and an increase in ion temperature via ion frictional heating. In the EFI observations, however, there was no increase in the horizontal ion temperature (not shown). Conversely, Lockwood et al. [2005] and Zhang et al. [2011] explained that, in the case of positive IMF B y , a density minimum results from low-density plasma transported westward into the cusp from the postnoon sector. The observations presented here show a distinct and prominent relative westward flow velocity enhancement as each spacecraft transits from the dayside EUV region into the density depletion region, a signature characteristic of magnetopause reconnection. This is consistent with the proposed plasma transport mechanism of Lockwood et al. [2005] and Zhang et al. [2011] .
Figure 1 reveals the coincidence of the density depletion with the relative westward flow. From Figure 2 , the density depletion region and the OCB are seen to be migrating equatorward between successive Swarm passes, consistent with the expansion of the polar cap when the IMF is southward. As the OCB migrates equatorward, the relative westward flow channel erodes regions of high-density plasma, mixing them with low-density plasma from the relative westward flow and incorporating them into the overall polar cap convection. Poleward of the flow channel, density structures are associated with the region of upward FAC (electron precipitation) consistent with Lockwood et al. [2005] . Oksavik et al. [2010] further pointed out that, due to the increased magnetic tension toward noon, a plasma packet may rotate 180 postnoon and found them to be consistent with such a rotation. In the Swarm observations, a relative westward flow channel is situated immediately poleward of the OCB consistent with it being driven by the IMF B y component of the magnetic tension force. The two-dimensional flow picture cannot be fully resolved by the current data set; however, it suggests that the electron density is depleted as the solar EUV-ionized plasma is initially pulled westward toward noon, and after the magnetic tension force has been released, it will turn clockwise into the polar cap with low-density polar cap plasma streaming in behind.
The shaded regions in Figure 3 identify eight enhanced density regions from Figure 2b , which will be referred to as "features" I-VIII. Since density is plotted against along-track distance from a set geomagnetic latitude, stationary structures are expected to be observed at the same location by the three different spacecraft. Conversely, structures with an along-track velocity should show a separation where each successive spacecraft (Swarm B, Swarm A, then Swarm C) encounters the structure farther along track. Features II through VIII do show along-track motion consistent with traveling parallel to the streamlines of convection. In contrast, feature I, located in the cusp precipitation region, does not show the same prominent motion. This is interpreted as the mixture of transport and particle impact ionization structuring masking the motion.
When the spacecraft cross the polar cap, the along-track motion of the density structures creates a time history of plasma evolution. This time history shows the production of plasma structures due to cusp precipitation and the evolution and transport of plasma into and across the polar cap. A comparison of the successive electron profiles in Figure 3 reveals an overall along-track motion that becomes clear for the less structured features seen farther along track. This time history also shows that electron density features that are closer to the region of particle impact ionization are more structured than those farther along track, which are evolving into the classic asymmetric and flat-topped shape of a polar cap patch. The time history of patch morphology created by this technique provides more context and can resolve shorter timescale changes than previous in situ observations [e.g., Smith et al., 2000] . Figure 3 , as well as the feature evolution seen in passes 1 and 3. The estimated along-track velocity for the different features (calculated from the change in along-track location at which a particular feature is encountered by the three spacecraft in one pass; see Table 1 , column 2) are generally in the range of 200-500 m/s and are consistent with typical convection velocities in the polar cap (as seen in Pettigrew et al. [2010, and references therein] ). In passes 1 and 2 the feature thickness (the approximate along-track distance in which a density feature is enhanced above the immediately surrounding background; see Table 1 , column 3) generally increases with along-track distance. In all three passes, the feature thickness ranges from roughly 50 km to 300 km, making these observations consistent with past studies of polar cap patch thickness [e.g., Hosokawa et al., 2014] . These multipoint in situ Swarm observations can further be used to study processes such as the GDI, which may be acting on the newly created electron structures (e.g., Spicher et al., this issue) . This is, however, beyond the scope of this article.
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In the region of features I, II, and III in Figure 3 , the density floor increases from 2 × 10 10 m −3 to 3 × 10 10 m −3 , on top of which the structured density maxima increase from 5 × 10 10 m −3 to more than 6 × 10 10 m −3 . This indicates that particle impact ionization can be a dominant process in producing high-density structures on top of either EUV solar-ionized plasma that has been transported into the polar cap or the background density of the polar cap. Between features IV and V in Figure 3 the spacecraft encountered a low-density region of roughly 2 ×10 10 m −3 , which is seen several times throughout the along-track motion, including within the flow channel. This is likely the baseline density of the dark F region polar cap.
At the one extreme, density structures can be made by cusp particle precipitation. In the other extreme, the main density gradient can be produced by the intake of sunlit dayside plasma by transient dayside reconnection. The observed discrete electron temperature enhancements in the shaded region of Figure 1e (the cusp) are consistent with particle impact ionization initializing 10-100 km scale structures, as observed by Kelley et al. [1982] and Moen et al. [2012] . The highly structured plasma features evolve into lower-density, less structured polar cap patches as they drift toward the nightside. Furthermore, the more mature patches show the characteristic GDI-driven shape with a sharp leading edge, relatively uniform central region, and a structured and tapered trailing edge (features VII and VIII in Figure 3 ).
Conclusions
The Swarm string-of-pearls configuration provides a novel method to resolve, in situ, the creation, transport, and morphology of cusp electron density structures which become polar cap patches. In the presented observations from 30 December 2013 the spacecraft travel parallel to the inferred polar cap convection streamlines sampling a sequence of polar cap patches from the production region in the cusp through to the nightside.
1. A reconnection-driven relative westward flow channel and associated density depletion region separates the EUV plasma from a region of active electron precipitation in the cusp. The initial high-density structuring observed poleward of the density depletion in the cusp cannot be created by the direct injection of day-lit EUV plasma from lower latitudes. 2. The initial high-density plasma structures poleward of the westward flow channel appear to be the result of particle impact ionization that is superimposed on either solar EUV-ionized plasma or the baseline density of the polar cap. These structures are colocated with in situ magnetic signatures of FACs and auroral features observed in ground-based all-sky images. 3. The newly created and highly structured plasma evolves into lower-density, less structured polar cap patches as they transit the polar cap. These are the first in situ observations of a series of patches, entrained in the polar cap flow, traveling from their source in the cusp to the nightside auroral oval. 4. The observations contrast the classical view of polar cap patch formation that solar EUV-ionized patches are chopped off from the tongue of ionization and structure is added by the GDI acting on the trailing edge [Gondarenko and Guzdar, 2004] . Instead, we observe cusp precipitation that produces large plasma density structures [e.g., Kelley et al., 1982; Walker et al., 1999; Smith et al., 2000] near noon that convect across the polar cap and smooth into classical polar cap patches. We conclude that the resulting kilometer-scale structures are the product of particle impact ionization in the cusp. The GDI process is potentially effective on the trailing edges of these gradients and may play an important role in the smoothing.
Multipoint sequential Swarm measurements, such as those presented, could be used for future quantitative studies of the processes thought to control polar cap patch dynamics. These data have the potential to provide more realistic initialization conditions in patch simulations, allowing for better predictions of patch irregularities and forecasting of space weather GNSS scintillation effects.
